High-energy resolution and sensitivity of novel cadmium-zinc-telluride (CZT) detector equipped SPECT systems facilitate simultaneous imaging of multiple isotopes and may enhance the detection of molecular/cellular signals. This may refine the detection of endocarditis. This study was designed to determine the feasibility and diagnostic accuracy of simultaneous imaging of inflammation with 111 In-labeled white blood cells (WBCs) and myocardial perfusion with 99m Tc-sestamibi, for localization of WBCs relative to the valve plane in suspected endocarditis.
Introduction
Endocarditis is a potentially life-threatening disease with various clinical appearances. Early diagnosis is challenging. It commonly relies on modified Duke Criteria, consisting of blood cultures and echocardiography as major criteria, and various additional clinical minor criteria. 1 But echocardiography may be challenging in early disease stages and in prosthetic valve infection. 2 Accordingly, recent
European Society of Cardiology (ESC) guidelines suggest new diagnostic criteria, including molecular imaging in case of mechanical prostheses. 3 Hence, there is increasing interest in advanced inflammation-targeted imaging techniques. While positron emission tomography (PET) with 18 F-fluorodeoxyglucose (FDG) has been shown to be a sensitive tool, its specificity may be limited due to artefacts from metal implants and due to the nonspecific biologic tracer signal. 4 Radiolabeled autologous white blood cells (WBCs) for conventional scintigraphy may also aid in the diagnosis of infective endocarditis. 4 -6 This technique is more broadly available and more specific than PET, but its sensitivity is limited by a weak signal from the valvular target region and by difficult localization of inflammatory foci. 4 We speculated that limited sensitivity may be overcome by novel, recently available SPECT technology, which incorporates a sensitive, heart-focused design with the advantages of cadmium-zinc-telluride (CZT) solid-state detectors. For perfusion imaging, these systems show significant improvements in image quality, temporal and spatial resolution over standard SPECT. 7, 8 Also, phantom studies suggest that high-energy resolution will facilitate the simultaneous detection of multiple isotopes in a single acquisition. 9 Hence, using such a system, we combined 111 In-labelled WBC imaging with a simultaneously acquired 99m Tc-labelled perfusion study to improve localization of inflammatory hot spots relative to the perfusion-defined valve plane. We tested our approach in phantoms before determining its value in the clinical setting of suspected endocarditis.
Material and methods

Camera and image acquisition
A GE Discovery NM530c camera (GE Healthcare, Haifa, Israel), equipped with 19 CZT detectors and pinhole collimation focused on the cardiac region in a fixed gantry was used for all acquisitions. Multiisotope data were simultaneously acquired for 20 min in list mode and subsequently re-sampled using isotope-specific energy window settings. Matched tomographic images were reconstructed for each isotope using the manufacturer's proprietary iterative algorithm. A transmission CT was acquired on a separate camera (Discovery 670 NMCT, GE Healthcare, Haifa, Israel) and used for co-registration. Attenuation correction, which is not established for higher energy 111 In CZT imaging, was not applied.
Phantom studies
A line source phantom was employed to identify energy window settings of 8% around the 140 keV 99m Tc-peak and of 7% around the 172 keV lower 111 In-peak window as optimal for balancing overall count yield with minimal isotope crosstalk. The higher 247 keV 111
In-peak is not utilized because it is outside of the energy range of CZT detectors.
Next, an anthropomorphic thorax phantom featuring inserts to simulate lungs, left ventricle (LV) wall, LV chamber, and a removable transmural defect insert (4.5 × 2 cm) (Torso Phantom TM , Data Spectrum Corporation, Hillsborough, NC, USA) was employed. Myocardial wall was filled with 34 kBq/mL of 99m Tc, in order to simulate a low-dose rest perfusion study. 10 The defect insert was filled with variable activity concentrations of 111 In, to evaluate potential downscatter into 99m Tc images. Based on biodistribution data, 11 focal accumulation of labelled cells was considered to result in a maximum concentration of 7 kBq/ mL. For subsequent measurements, 99m Tc activity was kept stable but 111 In concentration was increased up to 466 kBq/mL.
Patients
Thirty-four consecutive patients with clinical suspicion of endocarditis but equivocal initial evaluation according to Duke Criteria (possible endocarditis; diagnosis neither confirmed nor rejected) were referred for clinical workup by WBC imaging. All gave written informed consent prior to imaging. Prosthetic valves were present in 22 (aortic valve, n ¼ 14; mitral valve, n ¼ 4; multiple implants, n ¼ 4). The remaining 12 had suspected native valve endocarditis. Further characteristics are summarized in Table 1 .
White blood cell imaging
Autologous leukocytes were labelled with 18 -20 MBq of 111 In-oxine and re-injected according to the guideline. 12 After 24 h, imaging started with whole-body planar acquisitions, followed by a standard SPECT-CT using a 16-slice SPECT-CT camera (Discovery 670 NMCT, GE Healthcare, Haifa, Israel; SPECT with medium-energy collimators, 3608 rotation, 68, and 40 s per step; non-gated low-dose CT). Following conventional imaging, 99m Tc-sestamibi (150 MBq) was injected, and dual isotope CZT SPECT was started 30 min later. Two blinded and experienced readers independently analysed and scored all images. Planar scintigraphy and conventional SPECT-CT were displayed using manufacturer software (Xeleris, GE Healthcare). Matched dual isotope 111 In-WBC and 99m Tc-sestamibi perfusion CZT images were re-angulated using identical settings and displayed side by side along with a matched overlay, using Amide software. 13 Lack of any WBC hot spots in and around the perfusion-defined valve plane allowed for rule-out of endocarditis. If a hot spot was identified, CT images from the prior conventional SPECT-CT session were used for co-registration to enhance visualization and facilitate localization. For each modality, image quality was scored subjectively on a 5-point scale (1 ¼ very poor, 2 ¼ poor, 3 ¼ moderate, 4 ¼ good, and 5 ¼ very good), based on image noise, presence and severity of blood pool activity, clarity of valve plane depiction, and presence of artefacts due to motion, misalignment, and metal implants. Also, diagnostic certainty was expressed as definitely positive, probably positive, unclear, probably negative, or definitely negative. Discrepancies were resolved by consensus.
Follow-up
Final diagnosis was determined by clinical follow-up of 2 -12 months (median, 4 months). In nine patients, surgical revision was performed within 8 weeks of imaging and diagnosis was based on histologic workup and bacteria detection. In the remaining 25 subjects, final diagnosis was based on follow-up Duke classification. 1 
Statistical analysis
Image quality scores were compared using one-way analysis of variance and Improved clinical image quality and reader confidence
Figures 2 -4 show representative cases. Overall, image quality was highest for CZT imaging ( Figure 5 ). Reader confidence was also improved: While planar scintigraphy was mostly rated as unclear (22/34, 65%), this category was less frequent for conventional SPECT/CT, where (26/34, 76%) were rated as probably positive or probably negative. The frequency of definite assessments was highest for CZT imaging, and that of unclear assessments was lowest (2/ 34, 6%).
Improved diagnostic performance
Final diagnosis (Table 1) confirmed endocarditis in 14 patients (41.2%), rejected it in 18 patients (52.9%), and remained as 'possible' in 2 patients (5.8%).
In order to assess diagnostic performance, a reader decision of 'probable' was rated equivalent to 'definite' (both negative and positive). Conversely, an 'inconclusive' reader decision was always considered as 'false' (i.e. false negative if endocarditis was confirmed at follow-up and false positive if the diagnosis was rejected). Following these criteria, the diagnostic odds ratio of CZT imaging was significantly improved over planar scintigraphy (P , 0.001) and conventional SPECT/CT (P , 0.001) (Table 2, Figure 5 ). Cadmium-zinctelluride imaging yielded higher sensitivity (P ¼ 0.04 vs. conventional SPECT/CT, P , 0.001 vs. planar scintigraphy), specificity (P ¼ 0.02 vs. conventional SPECT/CT, P , 0.001 vs. planar scintigraphy), and likelihood ratios (P , 0.001). Of note, the two false-negative patients on CZT imaging showed high blood pool activity masking any possible focus. Conversely, in the single false-positive case, a small focus was found close to valve plane on CZT imaging, while endocarditis diagnosis was later rejected.
Discussion
Our work provides novelty in two major aspects: First, using phantom and clinical data, it supports the feasibility of simultaneous multi-isotope imaging using novel solid-state detector camera technology. This may lead to a broader implementation of molecular-and cellular-targeted SPECT tracers in general. Second, it specifically supports the usefulness of a novel approach to increase sensitivity and overall accuracy of WBC imaging in endocarditis. This may lead to a broader clinical application of the technique, especially at nuclear cardiology sites where PET as an alternative tool for diagnosing endocarditis is not available.
Dual isotope studies are not practical for standard SPECT-CT cameras, owing to their suboptimal energy resolution and the necessity for extensive, not well-validated corrections. 14 performance are observed. Despite the known advantage of CZT detectors in resolving energy peaks of multiple radioisotopes with high resolution, there has been little evidence so far for a clinical value of this technical feature. Simultaneous acquisition has been reported for 201 Tl and 99m Tc in perfusion imaging, 15 but no other reports have been published to date. In addition to their high energy resolution, CZT cameras also provide higher count sensitivity and spatial resolution compared with standard gamma cameras. 8 This translates into additional benefit for a robust detection of weaker and smaller signals from cellular or molecular-specific radiotracers, which may be beneficial not just in endocarditis.
In addition to the use in other inflammatory cardiac conditions, simultaneous dual isotope CZT imaging may also provide a platform for tracking exogenously delivered progenitor cells in regenerative therapies. 16, 17 Then, although the present study focuses on 99m Tc and 111 In as two specific radioisotopes, other radioisotope combinations may be pursued, e.g. by simultaneously investigating myocardial sympathetic innervation ( 123 I-MIBG) and perfusion/viability ( 99m Tc-sestamibi or 201 Thallium) for identification of the proarrhythmic, denervated but viable infarct borderzone. 18 Finally, there is a broad spectrum of various molecular-targeted agents identifying, e.g. cell death, extracellular matrix activation, or angiogenesis. 19 Those may be combined with perfusion tracers, celltracking agents, or other markers for very specific insights. Even triple-isotope studies may be envisioned, but, like any other combination, will require separate validation. While opening new perspectives for targeted molecular and cellular nuclear cardiology, our work also has specific implications for the clinical workup of infective endocarditis because it introduces an accurate test for equivocal clinical cases. According to current guidelines, 3 initial diagnosis of endocarditis relies on clinics, blood culture, and echocardiography. The latter, however, has limitations in detecting foci involving native mitral valves, and is further hindered by calcifications or implant material. 20 Additionally, because it relies on structural changes rather than biology, it has limited sensitivity in early disease progression. 21 Hence, although echocardiography will remain an invaluable first-line tool, complementary molecular imaging techniques may be of increasing value, especially in doubtful cases which were the focus of the present study. Besides conventional WBC scintigraphy, 18 F-FDG PET/CT has been increasingly recognized as a valuable tool in endocarditis, 22 and ESC guidelines recommend both tests in suspected but unconfirmed prosthetic valve infection. 3 Compared with FDG PET, WBC scintigraphy is thought to have lower sensitivity (owing to lower camera resolution and detection sensitivity) but higher specificity for endocarditis (owing to the more direct correlation of WBC infiltration to infection vs. the sometimes non-specific uptake of 18 F-FDG). 4 While a direct comparison with FDG PET/CT is missing and may be a valuable next step, our study still indicates that reduced sensitivity may be overcome if WBC studies are done using simultaneous dual isotope CZT imaging. This establishes an accurate test for nuclear cardiology sites where PET is not available, but CZT technology is. In this regard, it should be noted that, owing to its success in perfusion imaging, CZT camera availability is continuously increasing, as supported by multi-centre publications on ultrafast and low-dose CZT-based myocardial perfusion SPECT. 23 Another important aspect is that CT may not always be necessary as an adjunct if dual isotope CZT SPECT is performed. Lack of any WBC hot spots in and around the perfusion-defined valve plane allows for rule-out of endocarditis. If a hot spot is identified, then a co-registered CT may be helpful for localization. This co-registration is facilitated by the contours of the perfusion study. Of note, any available external CT may be used for this purpose as an option, but this is not mandatory as in standard SPECT/CT and PET/CT procedures. A lack of need for CT in many cases will thus result in faster imaging and lower radiation dose. The perfusion data will provide morphologic landmarks for localization of the valve plane and WBC foci, and the simultaneous acquisition will ascertain perfect alignment of both studies. This is also in contrast to the sequentially acquired CT and nuclear components of conventional hybrid SPECT/CT or PET/CT, where misalignment is frequent and may affect diagnostic accuracy if not corrected. 24, 25 Because standalone WBC studies, unlike perfusion studies, lack clear landmarks, retrospective re-alignment in standard SPECT-CT will be error-prone. Some limitations of our study should be recognized. First, this was a translational study where initial phantom work was amended by a small-scale clinical feasibility study. Despite the small patient sample, our results convincingly show advantages of the new CZT technique and they provide a solid base for wider clinical application and future multi-isotope trials. Following successful introduction, larger-scale clinical work will be needed for an accurate definition of the role of WBC CZT imaging for guidance of therapy and improvement of outcome in endocarditis. Second, the majority of our patients had suspected device-related endocarditis, but a fraction had 26 Also, the location of the infectious focus (mitral vs. aortic valve) is not expected to play a significant role, given the higher photon energy of In-111 which renders the WBC signal less likely to be attenuated, and the extensive experience with leukocyte imaging in other areas of the body where no major associations between focus depth/ location and detection sensitivity was encountered. Fourth, the effect of antibiotic treatment on test accuracy has not been investigated specifically. This issue has been a matter of debate for many years and if at all, it would result in false-negative scans. In clinical reality, antibiotic treatment often cannot be delayed until the end of imaging. In addition, we observed a very low frequency of falsenegative cases despite a large fraction of patients with antibiotic treatment. Accordingly, the likelihood of an effect of antibiotics is low in our study. Finally, owing to the limited energy spectrum of CZT, photons emerging from the higher peak of 111 In at 247 keV were disregarded in our novel protocol. This results in a reduction of count rate, but it is a technical feature of CZT that cannot be overcome. Nevertheless, image quality and performance of CZT-based imaging showed clear superiority over standard scintigraphy in our setting.
In conclusion, simultaneous dual isotope imaging with 111 Inoxine-WBC and 99m Tc-sestamibi is feasible using dedicated cardiac CZT SPECT. This approach improves the accuracy over prior standard scintigraphic techniques for the detection of endocarditis. It also provides a foundation for further work exploring the simultaneous acquisition of multiple molecular and function parameters in a single nuclear imaging session. This may have implications for a broader application of imaging-guided, targeted, and personalized cardiovascular therapy in the future.
